We present methods to measure the beam polarizations and the luminosity of γγ colliders at TeV energy scale. The beam polarizations of a γγ collider can easily be monitored by comparing the numbers of events of the processes γγ → ℓ + ℓ − and γγ → W + W − , where ℓ means e or µ. The luminosity of a γγ collider is also measurable by the event rate of W boson pair productions and the light lepton pair productions.
§1 . Introduction
Photon-photon colliders [1, 2] are seriously considered as one of the interesting options to upgrade future linear e + e − colliders. A lot of authors have reported on the advantages of a γγ collider from various physical viewpoints. [3, 4, 5] For instance, the most interesting aspect in the γγ process at TeV energy scale may be Higgs boson productions on the mass pole via loop effects. The signal of Higgs boson productions at a photon-photon collider will be much clearer than those at e + e − colliders or hadron colliders, and a γγ collider is accessible to Higgs boson with heavier mass than the underlying e + e − colliders be. [3] As seen in this example, the photon-photon colliders will be necessary and important facilities in the future high energy physics.
At a photon-photon collider, the photon beams are generated through the backward Compton scattering of the laser beams by the high energy electron beams which are supplied by the underlying e + e − (e − e − ) collider. The theoretical studies on the beam conversion from electron into photon [1, 2, 6] and on the photon beam collision [1, 2] have been performed by many authors. These theoretical estimates must be verified experimentally and the luminosity and the beam polarizations should be measured by actual observations. Note that both the luminosity and the polarization depend on the details of the beam overlap at the interaction point and the knowledge of the electron and laser polarization is not sufficient to determine the relevant parameters of the photon-photon system. However the ways to measure the luminosity and the beam polarizations are not trivial at photon-photon colliders. Unlike the e + e − collisions, there is no process which has a huge cross section, like Bhabha scattering, in γγ collisions. There is an idea that the luminosity could be measured by the processes γγ → e + e − µ + µ − or e + e − e + e − , because of the constant total cross sections in the colliding energy. [7] Unfortunately, such a claim is not realistic, since these total cross sections are maintained by the collinear singularities: The typical muon production angle in the process γγ → e + e − µ + µ − turns out to be given by the ratio of the muon mass to the photon energy, and it is less than 10 −3 rad for the photon energy greater than 100 GeV. Electrons will be produced much more collinearly. Such collinear leptons will never be observed by a realistic detector which must evade the dumped bunches.
In this paper we present a convenient technique to measure the circular polar-
ization of the photon beams, as well as a method of the luminosity measurement at future photon-photon colliders. This paper is organized as follows. In §2 we review the theoretical estimates on the photon beam polarizations and the γγ luminosity.
We derive the cross sections of lepton pair productions and W boson pair productions in §3. The ideas of our new techniques to measure the photon beam polarization and the collider luminosity are described in §4 and §5, respectively. §6 gives some comments on the applications of our methods in the actual experimental situations.
§2 . Theories on Photon Beam Generations and Collisions
To fix our notation, we first review the theoretical aspects of photon beam generations and photon-photon collisions.
The back-scattered photon spectrum can be given by the differential Compton cross section σ c , [2] 
where,
Here y is the ratio of the scattered photon energy E γ to the electron beam energy E e ,
i.e. y ≡ E γ /E e ; x is the squared ratio of the total energy of the Compton scattering in the center-of-mass system to the electron mass m e , x ≡ 4E e ω/m 2 e , where ω is the laser light energy; r ≡ y/x(1 − y); P e and P L denote the polarizations of the beam electron and the laser photon, respectively. Note here that each of the P e and P γ is − 3 − normalized to +1 (−1) corresponding to the 100% positive (negative) polarization.
We assumed the optimum value of x, x = 2 + 2 √ 2 [1] in the subsequent discussions.
The value of y is restricted in the range between 0 and y m ≡ x/(1 + x) ≃ 0.828. The polarization distribution of the produced photon beam P (y) is also calculated.
[2]
Typical photon beam spectrum and polarization distribution are plotted in Fig. 1 for several values of P e . As seen in this figure, the electron beam polarization P e and the laser photon polarization P L should be controlled such that P e P L ≃ −1, to improve the monochromaticity of the produced photon beam. It is believed that the laser beam can be polarized easily and almost completely, since the necessary laser light is visible (E e < ∼ 195 GeV) or near infrared. A technology to produce a highly polarized energetic electron beam is now developing successfully. [8] The fact that the photon beams are polarized will be an essential feature of the γγ colliders. Under such a polarization set-up,i.e. P e P L ≃ −1, the typical photon beam energy is roughly 0.8 times of the electron beam energy, and the absolute value of P (y) at large y is almost uniform and unity.
To avoid complicated discussions on the beam conversion kinematics and collider designs, we simply evaluate the luminosity distribution as,
or,
where y 1 and y 2 are the energy ratios of the produced photons to the beam electrons which are accelerated to the opposite direction 1 and 2; z is the fraction of the photonphoton collision energy √ s to the sum of the electron beam energies, i.e. z ≡ √ y 1 y 2 = √ s/2E e ; η is the γγ rapidity in the laboratory system, η ≡ log y 1 /y 2 . Here z runs over the region between 0 and y m , and then η is restricted to be − log(y m /z) ≤ η ≤ + log(y m /z). It is assumed that the back-scattered photons collide each other just after the Compton conversion. 1) A contour plot of the luminosity distribution,
If we take into account the separation between the conversion point and the interaction point, the effect of the finite angle of Compton scatterings would result in an improvement of the beam monochromaticity and a suppression of the luminosity. [1, 2] − 4 − as well as the partially integrated luminosity distributions, is illustrated in Fig. 2 for the ideal polarization case P e P L = −1. A good peak is observed at the corner of high z value. The peak in dL γγ /dz distribution is located at z ≃ 0.788.
The events at low z values should be discarded to avoid possible miss-identifications of the processes. For example,
may be miss-identified as low z events of γγ → ℓ + ℓ − , if the imbalance of transverse momenta of detected particles is small. Therefore we introduce a cut on z as z ≥ z cut to extract good events. In Table 1 and Fig. 3 (a) we give the luminosity fraction F r
for two cases of P e = +1.0, P L = −1.0 and P e = +0.8, P L = −1.0. If we adopt 0.75 as a value of z cut , F r(0.75) is 16% for the ideal electron beam polarization P e = +1.0, or is 14% for a conservative value of P e = +0.8. Due to the small, but finite, scattering angles of Compton back-scatterings at the beam conversion points which would be distant from the interaction point, the effective luminosity of a γγ collider will be decreased from those of underlying e + e − colliders, though a photon-photon collider is free from the beam-beam interaction effect which essentially limits the luminosity of e + e − colliders. Forthcoming linear e + e − colliders considered are at the energy scale between 0.3 and 2.0 TeV, and with the luminosity around 10 or 100 fb
a Snowmass year (10 7 s). [9] Then we focus our further discussions on future photonphoton colliders whose center-of-mass energy is between 0.2 and 2.0 TeV and whose luminosity above z cut is roughly 1 fb −1 per Snowmass year (10 32 cm
If a beam photon is at the maximum energy fraction y = y m , then the beam photon polarization P is +1 or −1 according to the laser polarization P L which is now assumed to be ±1, just as seen in Fig. 1(b) ,
If two photons of both beams are in this limit, the product of γ polarizations is pure and ideal, i.e. P 1 P 2 = ±1, where P 1 and P 2 are the photon polarizations of beam 1 and 2, respectively. On the other hand, the worst combination of P 1 and P 2 − 5 − above z cut , Wr(z cut ), comes from the case that one photon has the maximum energy fraction y = y m and the other has the minimum y = z 2 cut /y m ,
The average of the polarization product P 1 P 2 over the whole region of z ≥ z cut , Av(z cut ), can be obtained as follows,
In Table 1 and Fig. 3 (b) we also show Av and Wr versus z cut . If we choose z cut = 0.75, the mean polarization product Av reaches to ±97% for the ideal electron polarization P e = ±1.0, and ±85% for a conservative electron polarization P e = ±0.8.
Even in the worst polarization case Wr(0.75), it drops down only to ±81% and ±59%
corresponding to P e = ±1.0 and ±0.8, respectively. Therefore two colliding photon beams can be regarded as almost uniformly polarized above the appropriate z cut value. §3 . Lepton and W Pair Productions at γγ Colliders
To avoid the theoretical ambiguities the luminosity and the beam polarizations will be monitored by the processes which occur at the tree-level. And the processes with only two final particles will earn greater event rates than the ones with many final particles. Therefore we concentrate in the processes of the light lepton pair production γγ → ℓ + ℓ − , where ℓ means e or µ, and the W boson pair production γγ
Of course, there are some possibilities that new physics contributes to these cross sections. Anomalous γW W or γγW W couplings may change the W pair production cross section. Even in the standard model, the Higgs boson pole may increase the W boson production rate in the collisions of photons with the same sign helicities. Such possibilities of new physics must be checked by detailed analyses. In the present paper, however, we confine ourselves to the standard theory because the effects of the new physics are to be learned by analyzing the actual events for which high statistics measurement is possible in a reasonable period.
[4]
− 6 − As mentioned in the previous section the photon beams are essentially polarized at γγ colliders. Then we have to take into account the beam polarizations in our calculations of the cross sections.
The differential cross section of the process γγ → ℓ + ℓ − with the photon helicities fixed can easily be evaluated at the tree-level.
[10]
Here β and θ are the velocity and the scattering angle of a final charged lepton ℓ, and (±, ±) or (±, ∓) represents that the helicities of two colliding photon are the same or the opposite sign. Note here that β and θ adopted here are defined in the center-ofmass system of the colliding photons, not in the laboratory frame. The fine structure constant α in Eq. (10) should be defined at the energy scale of γγ collisions and has a value about 1/128. For the light leptons, Eq. (10) is characterized by strong peaks in the very forward and backward region caused by the collinear singularity. Especially in (±, ±) helicity set, the massless lepton can only be emitted at cos θ = ±1.
Such collinear leptons cannot be observed in an actual experimental situation.
Therefore, we introduce an angle cut | cos θ| ≤ a and integrate Eq. (10) to obtain the relevant cross section.
It is possible to make a convolution of the above cross section with the photon beam spectra. However, a photon beam spectrum depends on the details of the conversion mechanics, e.g. the distance between the conversion point and the interaction point, the Compton scattering angle, the size and the shape of the electron bunch. And the beam spectrum is an object which should be determined by an actual observation experimentally. Therefore we do not make such a convolution, and discuss in the γγ C. M. system in each collision. We present the cross sections with an angle cut − 7 − a = 0.9 versus √ s for both helicity combinations in Fig. 5 , and similar ones without any angle cut in Fig. 4 for comparison. One can observe a dramatic role of the angle cut in these two figures. As seen in Fig. 5 , e and µ productions with the photon helicity (±, ±) are negligible for an integrated luminosity around 1 fb −1 . On the other hand, a large number of lepton pairs will be created by (±, ∓) photon beam collisions. It is worth noting that the production cross section of a lepton pair are greater than those of a quark pair. For quark pair productions, a color factor 3 and a charge factor (charge) 4 should be multiplied to R. H. S. of Eqs. (10) and (11), rather
The cross section of the process γγ → W + W − shows a different dependence on the photon helicities. The differential cross sections and the cross sections with the angle cut for both helicity combinations are as follows.
and, 
Polarization Measurement of Photon Beams
The fact that the cross sections of two processes γγ → ℓ + ℓ − and → W + W − show different dependences on the photon helicities gives us an idea to measure the po-
larizations of the photon beams. We introduce a ratio of these two production cross sections,
The √ s dependences of R ℓ/W for both photon helicity combinations with a = 0.9 are represented in Fig. 6 . For a set of partly polarized photon beams the cross section ratio R ℓ/W is, of course, described as follows,
or more simply, neglecting σ
, (16) where P 1 , P 2 are each average polarization of two photon beams 1 and 2 under the condition z ≥ z cut . The P 1 P 2 dependences of R ℓ/W at several values of √ s are plotted in Fig. 7 . The ratio R ℓ/W is roughly proportional to 1 − P 1 P 2 , because the denominator in Eq. (16) is not so variant against a change of the colliding photon helicity combination, as seen in Fig. 5 .
In an actual experiment R ℓ/W can be determined by the event rate of two processes,
where
is the number of events of the lepton pair production within | cos θ| ≤ a and N | cos θ|≤a (γγ → W + W − → 4jets) is the number of events of four quark jets via a W pair production within | cos θ| ≤ a. And Br(W → 2jets) is the branching ratio of W boson decay into two quark jets, which has the value ∼ 2/3 in the standard model. Here the reason why we concentrate on the neutrinoless final states is to determine z by the energy sum of the final states.
The cross sections for the helicity sets (±, ∓) are large enough to measure the polarization product P 1 P 2 precisely. For example, photon-photon collisions above z cut in an operation of 1 fb −1 integrated luminosity, corresponding to 1 Snowmass year run, at √ s = 400 GeV with 100% (±, ∓) photon beam polarizations would produce about 7,600 lepton pairs for each species, and about 14,600 W pairs decaying into − 9 − quark jets at a = 0.9. As mentioned in §2, the beam polarizations can be regarded as uniform if we adopt an appropriate z cut value. Then we can treat whole events altogether in an evaluation of P 1 P 2 , and we obtain the expected statistical error of R ℓ/W less than 3 × 10 −3 for any value of P 1 P 2 . The corresponding maximum statistical error of P 1 P 2 is only 3%. §5 . Luminosity Measurement at Photon-Photon Colliders
Due to a wide spread of the colliding γγ invariant mass as seen in Fig. 2 (b), one should determine not only the total luminosity, but also the luminosity distribution on the γγ invariant mass.
To monitor the luminosity distribution in an actual experiment, one can use the process with the largest cross section with an angle cut. The integrated luminosity L γγ dt can be evaluated at each z value,
. physics. We think that improvements to incorporate these effects into our techniques are trivial and easily performed, if the deviations from the standard model caused by the new physics are not so large. The top pair production can be available without worrying about ambiguities of the gauge self-couplings, however, the cross section is not so large, as seen in Fig. 5 .
The technique presented in §4 is not measuring each photon polarization P 1 and P 2 independently, but measuring only their product P 1 P 2 . A separate measurement of P 1 and P 2 may be performed through other processes with more complicated final states.
In conclusion, the photon beam polarizations and the luminosity at a photonphoton collider can be measured by looking at of both processes γγ → ℓ + ℓ − and γγ
It is shown that the beam polarization product and the luminosity can be measured within a sufficiently short time with a good accuracy. We believe that the methods proposed in this paper will be powerful tools to understand the photon beam features at future γγ colliders. Table   Table 1 : The luminosity fraction F r, the average Av of the polarization product P 1 P 2 and the minimum Wr of the polarization product above z cut in case of both photon beams are generated by a electron beam with P e = +1.0 or +0.8, and a laser beam P L = −1.0, at several values of z cut . The optimum laser light energy (x = 2 + 2 √ 2) is assumed. is assumed. and 1/L γγ dL γγ /d|η| (c) are also displayed. The optimum laser light energy (x = 2 + 2 √ 2) is assumed. Fig. 3 The z cut dependences of the luminosity fraction F r (a), the average Av of the polarization product P 1 P 2 (upper lines in (b)) and the minimum Wr of the polarization product (lower lines in (b)) above z cut . The solid lines correspond to P e = +1.0, while the dashed lines are for P e = +0.8. The laser beam polarization is fixed to be P L = −1.0 for each P e , and the optimum laser light energy (x = 2 + 2 √ 2) is assumed. The W boson mass is assumed to 80 GeV. The angle cut a = 0.9 is adopted.
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